The role of hormones and other humoral factors in the regulation of myocardial hypertrophy has been difficult to evaluate. We asked whether myocardial cell hypertrophy could be demonstrated in cultures from the day-old rat ventricle and evaluated the effect of serum concentration and catecholamines on the growth process. Two single-cell preparations were used: serumsupplemented, bromodeoxyurdine-treated cultures and serum-free cultures with transferrin and insulin. Both preparations were characterized by myocardial cell predominance (about 75-80% of total cells) and constant cell numbers. Myocardial cell size was documented by photomicroscopy and quantified by volume (microscopic diameter of suspended cells), surface area (planimetry of attached cells), and total cell protein concentration (Lowry method and cell counts). Growth was also evaluated in pure nonmyocardial cell cultures. In cultures with 5% (vol/vol) serum, myocardial cell size increased 2-to 3-fold over 11 days in culture. Final volume, surface area, and protein concentration were about 3000 jum 3 /cell, 5000 /nmVcell, and 1500 pg/cell, respectively. Serum had a dose-related effect on myocardial cell hypertrophy; myocardial cell size increased about 4-fold when serum concentration was increased from 0% to 5% or 10%. Cells maintained in serum-free medium with transferrin and insulin (each 10 fig/ml) did not hypertrophy, but did remain responsive to the growth-promoting activity of serum. Chronic exposure to isoproterenol or norepinephrine (1 /IM) significantly stimulated myocardial cell hypertrophy. This stimulation was dose-related, was not blocked by equimolar propranolol, was not associated with a sustained chronotropic effect, and was more pronounced in the serum-free preparation. In pure cultures of nonproliferating (bromodeoxyuridine-treated) nonmyocardial cells, cell size also increased with time in culture, but variation in serum concentration and addition of norepinephrine had no significant effect on cell size. Myocardial cell hypertrophy occurs in culture and is regulated by variations in the culture medium, including serum, with its contained hormones and growth factors, and catecholamines. The culture preparation can be used to explore the regulation of myocardial cell hypertrophy by nonhemodynamic factors. (Ore Res 51: 787-801, 1982) 
VERY little is known about the role of hormones or other humoral factors in myocardial hypertrophy (Cohen, 1974) . Experiments in vivo are complicated by hemodynamic, hormonal, and neural reflexes elicited by endocrine ablations or hormone treatments. In vitro models such as the isolated perfused heart or the heart in organ culture offer greater experimental control, but growth does not occur in these preparations (Morkin, 1974; Wildenthal et al., 1976) . Cell cultures have been widely used to study the regulation of cell proliferation, and it has recently been proposed (Clark and Zak, 1981; Frelin, 1980; Speicher et al., 1981) that heart cells in primary culture may be a useful model system for studies on myocardial growth. In typical cultures, however, demonstration of possible myocyte (MQ hypertrophy is confounded by the presence of proliferating nonmyocardial cells (NMCs). These latter cells eventually comprise the major fraction of the culture population and may physically overgrow the MCs.
In order to explore extracellular, nonhemodynamic factors that might be important in the regulation of MC hypertrophy, we have developed a single-cell culture preparation characterized by MC predominance, morphological and functional MC differentiation, and absence of cell proliferation (Simpson and Savion, 1982) . The sparse nature of the cultures facilitates the measurement of cell numbers and MC surface areas; and the absence of hyperplastic growth means that time-related increases in cell protein can be taken as an index of hypertrophic growth. In the present report, we demonstrate the occurrence of MC hypertrophy in culture, using photomicroscopy and measurements of cell volume, surface area, and protein concentration. We also show that MC hypertrophy is regulated by manipulation of the culture medium, including variation in the serum concentration and addition of catecholamines.
Methods

Cell Culture
The culture method has been described in detail (Simpson and Savion, 1982) . Briefly, cells were obtained from the ventricles of day-old rats (Simonsen or Charles River) by very gentle trypsinization at room temperature. To prevent cell attachment, glassware used during the dissociation was treated with silicone (Prosil-28, PCR Research Chemicals, or Sigmacote, Sigma) following manufacturers' instructions. To reduce the number of contaminating NMCs, dissociated cells were preplated into three 100-mm dishes (Falcon #3003) in medium 199 (Hanks salts; Gibco), with 0.5% serum. The cells (mostly MCs) not attached after a 30minute period were then plated into 35-mm dishes (Falcon #3001) at a density of 250-350 trypan blue-negative cells per mm 2 and were grown at 37°C in humidified air with sufficient CO2 (about 1%) to maintain pH 7.3. The plastic dishes were used as supplied by Falcon. The culture medium was medium 199 (Hanks salts; Gibco), with 5% serum, vitamin B12, and penicillin. Bromodeoxyuridine (BrdU; Sigma), 0.1 mix, was present from the time of plating through day 3 to prevent NMC proliferation. We have shown that few MCs and most NMCs have nuclear labeling with tritiated-BrdU under these conditions (Simpson and Savion, 1982) . The culture medium was changed (1 ml/ dish) at 4-6 hours after seeding and on days 1, 4, 7, and 10.
To determine the effect of serum on MC hypertrophy, serum supplementation was varied from 0 to 10% (vol/vol), beginning at 4-6 hours after plating; the dishes were first washed with the indicated medium to remove residual serum.
The serum used has varied over the 3-year course of these experiments. We first used calf serum (Gibco), then a 1:1 mixture of newborn calf and calf (Gibco), and finally equivolume mixtures of newborn, calf, and adult bovine sera (Sterile Systems, Inc.) . Serum mixtures were used to minimize the variability in hormone levels observed in sera from animals of different ages (concentrations of several hormones and other constituents are provided with the sera from Sterile Systems, Inc.).
For serum-free cultures, cell preparation and plating were the same as outlined above, except that BrdU was not used. Cells were plated in the presence of 5% serum for 4-6 hours, then maintained in serum-free medium 199 with human transferrin and bovine insulin (each 10 /tg/ml, Collaborative Research or Sigma). In a few experiments, the serum-free medium 199 was supplemented with L-thyroxine, 100 ng/ml, and hydrocortisone, 1 fiM (both from Sigma), instead of transferrin and insulin. Medium was changed as for the serum-supplemented cultures, on days 1, 4, 7, and 10.
To determine the effect of catecholamines on MC hypertrophy in cultures maintained continuously with 5% serum, isoproterenol or norepinephrine was added in 10-ju.l aliquots on days 1, 4, 7, and 10, to give final concentrations from 0.01 to 1.0 ftM.
To study the effect of catecholamines, serum, or both on MC hypertrophy in the serum-free cultures with transferrin and insulin, we used a different protocol. Small aliquots of serum (final 5% vol/vol) or norepinephrine (final 1 JIM) were added on culture day 5, thereby permitting three medium changes (at 4-6 hours and on days 1 and 4) after the exposure to 5% serum during plating. This protocol provided for washout of serum components and for establishment of control growth rate prior to the addition of test substances. When serum was tested in these cultures, BrdU (final 0.1 ITIM) was also added, to prevent the serum stimulation of NMC hyperplasia (Simpson and Savion, 1982) .
Catecholamines and antagonists, including L-isoproterenol HO (ISO) and L-norepinephrine HC1 (NE), (both from Sigma), and L-propranoloI HC1 (PROP) (a gift from Ayerst) were prepared as 10 mM stock solutions in 1 HIM HC1 and were freshly diluted in phosphate-buffered saline (PBS) or medium 199 at the time of use. Control dishes received equally-diluted 1 mM HC1.
Homogeneous NMC cultures were obtained by detaching the cells remaining in the 100-mm preplates with a rubber policeman, then allowing reattachment at 37°C. After 4-6 hours, the cells were again scraped, combined in culture medium with 5% serum and 0.1 ITIM BrdU, counted, and plated at 60-100 cells/mm 2 into 35-mm dishes (Falcon #3001). These cultures were maintained the same as the parallel MC cultures. The NMC cultures contained fewer than 5% MCs, as identified by beating and morphology (Simpson and Savion, 1982) .
Ceil Growth
Cell number was obtained as previously described (Simpson and Savion, 1982) by counting, at 400X, all cells in 17 randomly selected fields that sampled the entire dish surface. After the first few days in culture, the two cell types could be identified by their distinctive morphologies and the presence (MCs) or absence (NMCs) of beating; the cells were clearly single, without clumps or multilayers (Simpson and Savion, 1982) . We compared cell counts taken before and after fixation and staining (PTAH) and found that total cell counts and differential counts of MCs and NMCs were not different. The use of living cells for the dish counts allowed repeated measurements on a given dish and use of the same dish for cell counts and protein determination. We also revalidated our counting method and reconfirmed the absence of cell proliferation in these cultures by comparison of direct counts of attached cells with hemocytometer counts of trypsin-detached cells.
Cell size was quantified in three ways: cell volume, total cell protein concentration, and MC surface area.
Cell volume was obtained by measuring the diameter of trypsinized cells as follows. The procedure was done on the microscope stage maintained at 37°C. A dish was quickly rinsed three times with the calcium-free heart dissociation buffer (Simpson and Savion, 1982) , containing (ITIM): NaCl, 137; KC1, 5.36; MgSO 4 -7H 2 O, 0.81; dextrose, 5.55; KH2PO4, 0.44; Na 2 HPO4-7H 2 O, 0.34; and Hepes, 20. Trypsin (Difco 1:250), 0.2 ml of a 0.1% solution in the same buffer, was added; and the dish was tapped on the microscope stage every 2-3 minutes to loosen the cells. After 10 minutes, 0.3 ml of culture medium with 5% serum was added to the dish, and the cells were collected and injected into a Dvorak-Stotler culture chamber (Nicholson Precision Instruments, Inc). The glass coverslips comprising the two sides of the chamber were siliconized to prevent cell attachment. Cell diameter was measured with an eyepiece graticle at 400X, using phase contrast or differential interference contrast (DIC) optics. Fields were chosen at random, and all rounded cells in each field were measured. Measurements were taken during the interval from 10 to 30 minutes after cell collection. During this period, total cell number was constant, cell viability was over 95% (trypan blue), and most of the cells were spherical. At least 100 cells were measured; the mean diameter of the first 50 cells was no different from the mean of a total 200 cells (20 determinations). Mean cell diameters in two dishes from the same culture measured at the same time agreed within 2% (10 determinations).
Cell diameters ranged from 4 to 15 units on the eyepiece graticle. The graticle was calibrated by measuring particle standards of known diameter (latex beads, 5.25 pm; paper mulberry pollen, 12-13 /im; and ragweed pollen, 19-20 /xm; all from Polysciences, Inc.). Cell volumes in cubic microns were obtained from the diameter units by a computer program.
The 10-minute trypsinization differentially removed MCs, leaving most of the NMCs attached in the dishes. In 25 dishes between 5 and 11 days in culture, we counted MCs and NMCs before and after trypsinization. Trypsin detached 95% of the MCs (93.6 ± 0.8%) but only 30% (29.4 ± 3.5%) of the NMCs. Cell recovery after trypsinization was over 95%, and we calculated that the resulting cell suspension contained only 10-15% NMCs. Trypsin exposure for at least 20 minutes was required to remove most cells or to detach the NMCs in the pure NMC cultures. Polinger (1969) has made a similar observation of differential susceptibility to trypsin detachment of MCs and NMCs.
Total cell protein concentration was used as a second index of cell size. Dishes were washed rapidly three times with PBS to remove serum, and the cells were dissolved in 1% sodium dodecyl sulfate (SDS; BioRad). Protein in each dish was measured in triplicate by a modification of the method of Lowry et al. (1951) , using crystalline bovine serum albumin (Sigma) as standard. Several factors were considered that might complicate the interpretation of this assay. Cell-free dishes incubated with 5% serum adsorbed only trace quantities of protein. Cells may also adsorb protein from the medium; however, Lee and Englehardt (1977) found that 100,000 Vero cells adsorbed no more than 8-9 fig protein when in 10% serum. This cell number is in the range of that found in one dish in most of our experiments, and the percent serum is twice what we typically have used. Furthermore, we found no significant increase in protein per dish when cells were grown in 10% serum, rather than 5% (see Results). Any small quantity of adsorbed protein should in any case be proportional to cell size. Finally, we (unpublished) and others (Frelin, 1979; Jones et al., 1979) have found that heart cell cultures, particularly vitamin C-supplemented NMC cultures, elaborate an extracellular matrix (ECM) that includes collagen and probably other proteins (fibronectin, for example). Collagen is not detected by the Lowry protein method because of its amino acid composition (little or no tyrosine, tryptophan, or cysteine). To assess the relative importance of ECM proteins in the total protein determination, nearly confluent NMC and MC dishes were treated with EDTA to remove the cells; and protein was measured on a 1% SDS extract of the dishes. No MC dish contained more than 5 fig protein; and no NMC dish, more than 10 /ig. These values were less than 10% of the total dish proteins. Jones et al. (1979) found that heating in strong alkalai was needed to solubilize the ECM made by rat heart NMCs; only 7-16% of the ECM was dissolved by 1% SDS in their cultures. In summary, these data suggest that protein determinations by our method do reflect cellular not extracellular protein.
Cell protein concentration in pg/cell was obtained as follows for each datum point. Cells were counted in at least three dishes, and the mean total cells/mm 2 was multiplied by 800 mm 2 to give the mean total number of cells per dish (the value of 800 mm 2 for the surface area of a 35-mm culture dish was supplied by Falcon; these dishes have an outside diameter of 35 mm). Protein was also determined in at least three dishes, and the mean protein content was divided by total cell number to give cell protein concentration. Standard deviations of the mean cell counts and proteins were 10% or less.
In several figures (Results), we simply indicate the mean fig cell protein per dish and the corresponding cell counts. The cells were not dividing, and increases in dish protein indicated increases in cell size. Conversion of the data to protein per cell was useful to compare different culture preparations with slightly different total cell numbers in the dishes.
MC surface area was the third measure of cell size. Area was determined by planimetry (graf/pen sonic digitizer, model 1461, Scientific Accessories Corporation, coupled to a Monroe calculator, model 1860) of cells on calibrated (stage micrometer) photomicrographs taken at 51X and enlarged to 7 by 9 inches (final magnification was about 390X; objective numerical aperture was 0.35). Fields were randomly selected for photography. Variability of MC surface area within the same dish was tested by measuring areas in six different fields; means were not significantly different (P > 0.05 by analysis of variance, both for control and for ISO-treated cultures). We calculated (Snedecor and Cochran, 1967) that measurements on 35 cells would have an 80% probability of detecting a 25% difference in areas between two groups of cells at a confidence level of 0.05. In most experiments, we measured at least twice this number of cells for each datum point, taking one photomicrograph showing an average 20 cells from each of three or more dishes. The total surface area in /im 2 was obtained by doubling the measured area, to account for the surface in contact with the dish. The final values are minimal apparent surface areas, because we did not take into account surface irregularities or cell depth. McCall (1979) used a similar method to estimate surface area in cultured rat heart cells, although he considered cell depth in his calculations. Two approaches were used to evaluate the possibility of progressive cell flattening over time in culture: comparison of flattened cell surface area with rounded cell volume and determination of cell thickness. For the comparison of surface area with volume, MCs in a dish were photographed for measurement of surface area, then the cells were suspended with trypsin, and volume was determined. Cell thickness was measured in two ways: electron microscopy of sections cut at right angles to the dish and DIC microscopy. For EM, sections were taken from several dishes in random areas; we did not examine the entire surface area of any single cell. Only cells with myofibrils were measured. A portion of the nucleus was present in 20% of sections. For DIC, cells were grown on glass coverslips as previously described (Simpson and Savion, 1982) ; this was the only occasion for use of a culture substrate other than untreated Falcon plastic. The microscope fine focus was calibrated with particle standards (4-5 and 12-13 fim, Polysciences) and cell depth was determined by focusing on the top of the cell and on the glass surface. A similar optical sectioning Results are expressed as mean ± SE. The total number of cells attached in each dish was determined by counting the cells in seventeen 400X microscopic fields. The cells were then suspended with trypsin and counted in a hemocytometer. Cells were grown in 5% serum for the indicated days; BrdU, 0.1 min, was present through day 3. Each value is from four dishes. There are no significant differences among the counts (P > 0.05 by analysis of variance). These data indicate that cell proliferation did not occur, that counts of attached cells were accurate as compared with hemocytometer counts of suspended cells, and that replicate seedings were reproducible. technique for cell thickness has been used by others (Burrows and Lamb, 1962; Folkman and Moscona, 1978) . Table 1 summarizes the three methods for cell size and the relative proportion of MCs in the cell population studied with each technique.
Other Methods
The techniques for light and electron microscopy have been detailed previously (Simpson and Savion, 1982) . All photomicrographs in this report are of living cells. For sequential photography of the same field of cells, locating scratches were made on the dish surface. Beating rates were determined with a stop clock and hand counter on the microscope stage maintained at 37°C. The low bicarbonate concentration (4.2 mil) in the medium 199 with 5% serum allowed sufficient time for observation without a change in the pH (7.3).
Data are presented as the mean ± SE, with the number of observations indicated in parentheses. Regression analysis was used to describe the increase in cell size over days in culture. Differences in rates of growth of control and treated cells from the same preparations were tested by comparing the slopes of the regression lines. Differences between mean values were assessed by Student's unpaired t-test for two groups, or by analysis of variance and the Student-Newman-Keuls test for comparisons of more than two groups (Zar, 1974) .
Results
Absence of Cell Proliferation in Culture
We have previously reported (Simpson and Savion, 1982) that MCs do not proliferate in these single-cell cultures and that treatment with BrdU, 0.1 mM, for 3 days prevents serum-stimulated NMC proliferation. The data in Table 2 and Figure 1A The cells in panel A were maintained in medium with 5% serum; BrdU, 0.1 mM, was present through day 3. NE (final 1 jut) or diluent were added when medium was changed on days 1, 4, 7, and 10. Each point is the mean ± SE of six to eight dishes. The cells in panel B were plated in 5% serum for 6 hours, then maintained in serum-free medium with transferrin and insulin (each 10 ng/ml). Medium was changed on days 1 and 4. NE (final 1 /JLM) or diluent was added to paired dishes on day 5. Measurements were made on the days indicated, 65 cells for MC surface area, 16-18 dishes for cell number and protein. merited cultures. The absence of cell proliferation and the MC predominance in serum-free cultures with transferrin and insulin are shown in Figure IB . Figure  4B illustrates the stability of cell numbers in pure NMC cultures treated with BrdU.
MC Hypertrophy in Serum-Supplemented Cultures
The photomicrographs in Figures 2 and 3 illustrate cell enlargement with time in culture and are representative of the cells used for measurement of MC surface area ( Fig. 2 ) and cell volume ( Fig. 3 ). Data from a typical preparation are shown in Figure 1A ; cell numbers did not change with time, whereas cell protein increased progressively. Time-dependent MC hypertrophy is quantified in Figure 4A for cell protein concentration, Figure 5 for MC surface area, and Figure 6A for cell volume. By all three techniques, volume, protein, and surface area, there was a 2-to 3fold increase in MC size over the culture interval studied.
Frequency distributions for MC surface areas are shown in Figure 5B . There is greater size variability as mean cell size increases. Similar results were found with volume measurements (not shown).
The ratio of volume of rounded cells to surface area of attached cells is presented in Figure 7 . The mean value was 0.62 ± 0.02 (26), and there was no significant change over 11 days in culture, indicating that the increase in surface area of attached cells is not due simply to progressive flattening. This conclusion was supported by EM measurements of MC thickness in microns: 2.37 ± 0.53 (6) at day 5 and 2.25 ± 0.20 (6) at day 11 (P > 0.05).
The 25% NMCs in the cultures were very likely enlarging as well, as deduced by analysis of growth in nonproliferating, pure NMC cultures (Fig. 4B ). Cell protein concentration in these pure cultures was very similar to that in the MC-predominant cultures (Fig.  4A) ; therefore, we have calculated protein concentration in the MC cultures on the basis of total cells per dish. A calculation indicates that NMC enlargement probably could not account for the entire increase in dish protein in the MC cultures. For example, using the control data in Figure 1A , the increase in dish FIGURE 3. Increase in cell volume in serum-supplemented cultures. Cells grown in 5% serum were removed with trypsin and examined in a Dvorak-Stotler chamber. To provide a size reference, these cells were mixed with ragweed pollen (P ), 19-20 pm diameter. Cells from a single preparation are shown, on day 1 (left) and on day 11 (right). The increase in mean diameter is apparent. Original 128X, DIC optics.
protein from day 1 to 11 is from 77 to 160 jug. Of the mean total 120,000 cells in the dishes, 25% or 30,000 were NMCs. Assuming equal cell protein concentrations at day 1, each cell would have 642 pg protein (77 jug -5-120,000 cells). If the MCs did not enlarge, they would contribute 58 jug protein at day 11 (642 pg/cell X 90,000 cells). If all of the remaining 102 fig  protein (160 -58 jug) were from the NMCs, each NMC would have a mean protein content of 3400 pg per cell (102 jug -s-30,000 cells). This value is two to three times as great as the largest value found in the pure NMC cultures (Fig. 4B ).
Regulation of MC Hypertrophy by Serum
Cultures were grown for several days in medium with 0-10% serum, beginning 4-6 hours after plating in medium with 5% serum. MC size increased about 4-fold as serum was increased from 0% to 5%, as measured by volume ( Fig. 8A) , surface area (Fig. 8B ), or protein ( Fig. 9 ). There was no significant increase in cell size when serum was further increased from 5% to 10% (same figures). Figure 9 illustrates several effects of varying concentrations of serum on cell numbers and protein in cultures with and without BrdU. In the cultures treated with BrdU ( Fig. 9, closed circles) , the sum of MC and NMC numbers at day 7 was equal to the total attached cells at day 1 (95/mm 2 ) if serum were 1% or greater. Cell survival over time was reduced in 0% and 0.5% serum. As serum was further increased from 1% to 5%, dish protein increased, whereas cell numbers were constant, indicating cell hypertrophy. A fraction of the increase in protein could have been due to hypertrophy of the 20% NMCs in these cultures. However, in pure, nonproliferating NMC cultures, varying serum from 1% to 5% had little effect on NMC size, as measured by protein concentration or volume (Table 3 ). In comparison, increasing serum from 1% to 5% increased protein by several-fold in the BrdU-treated MC cultures (Fig. 9) .
Experiments with MC cultures not treated with BrdU ( Fig. 9 , open circles) showed that serum stimulated NMC hyperplasia. This increase in NMC number made serum-dependent increases in dish protein difficult to interpret. However, measurements of MC surface areas ( 
Culture Day Culture Day FIGURE 6. Hypertrophy measured by cell volume in serum-supplemented cultures (panel A) and regulation of hypertrophy by serum and by NE in serum-free cultures (panel B). The cells in panel A were grown in medium with 5% serum; BrdU, 0.1 mM, was present through day 3. Each point is the mean ± SE of 300 to 1000 cells from two to four culture preparations. The line is drawn from the indicated regression equation. The cells in B were plated in 5% serum for 4-6 hours, then maintained in serum-free medium with transferrin and insulin (closed circles). Medium was changed on days 1 and 4. On day 5 (arrow), NE (final 1 fiM; open circles), serum (final 5%; closed squares), or both
(open squares) were added. BrdU (final 0.1 mM) was added with serum to prevent NMC proliferation. At the times indicated, cells were detached with trypsin, and volume was determined on coded dishes, without knowledge of the treatment given. Lines are drawn from the regression equations. There is no hypertrophy in the control serum-free cultures. The slope of the line for cells given NE alone is significantly different from control (P < 0.01); the slope of the line for 5% serum + NE is significantly different from that of 5% serum (P < 0.02). Each point is the mean ± SE of 300 cells. Data are from two culture preparations. tion of MC size by serum was similar in the presence or absence of BrdU.
These experiments showed that MC hypertrophy in culture was regulated by serum. To provide a baseline for further exploration of the responsible factors(s) in serum, we developed a serum-free medium in which MCs survived over time. Cells were plated in medium with 5% serum and, after 4-6 hours, were maintained continuously in serum-free medium with transferrin and insulin (each 10 jug/ml). As shown in Figure IB , cell numbers were stable over at least 1 week, and MCs comprised 75% of the culture population. Cells survived in this serum-free medium, but there was minimal cell hypertrophy, as measured by MC surface area, protein, or volume ( Fig. IB and  6B, closed circles) .
The dramatic effect of culture medium composition on MC appearance is evident in Figure 10 , which shows representative cells from the same culture preparation, maintained under four different conditions and photographed on day 5 and on day 11. Control cells in 5% serum (Fig. 10, D and H) contained cross-striations and enlarged with time. In medium 199 alone (Fig. 10, A and E) , the diminutive MCs had little cytoplasm and no cross-striations. In the presence of transferrin and insulin (Fig. 10, B and F), MC appearance was similar, but more cells were present, representative of the enhanced survival, compared with that found in medium 199 alone. Cells maintained in medium with thyroxine and hydrocortisone (Fig. 10, C and G) were intermediate in size and morphological differentiation. MC beating rates at 37°C were about 60/min in the cultures with 5% serum, and 1-2/min in the presence of transferrin and insulin. Although cross-striations were not seen in the MCs grown in serum-free medium, we have detected myosin in single dishes from these cultures, using SDS polyacrylamide slab gel electrophoresis (not shown). Therefore, in serum-free medium with transferrin and insulin, MCs survived but did not hypertrophy. However, they were still fully responsive to the growth-promoting factor(s) in serum. As shown in Figure 6B (closed squares), when serum was added to these cultures after 5 control days in serum-free medium, MC volume increased rapidly. Three days after addition of serum on day 5, cell volume was similar to that of cells maintained continuously in 5% serum (compare Fig. 6B , closed squares, with Fig. 6A ). Further, these serum-stimulated MCs developed crossstriations and contracted regularly at 50-60/min.
Regulation of MC Hypertrophy by Catecholamines
Addition of 1 JUM NE or ISO to the culture medium significantly increased MC growth rate, whether measured by protein ( Figs. 1 and 11) , volume ( Fig.  6B ), or surface area (Figs. IB and 5) . The increase in cell volume and protein with catecholamines indicated that the increased surface area was not simply a result of greater flattening. In addition, MC thickness by DIC microscopy was similar in the two groups, 2.63 ± 0.21 (10) microns at 8 days in ISOtreated cultures and 2.18 ± 0.16 (10) in controls (P > 0.05).
The addition of NE to serum-free cultures did not stimulate hypertrophy as much as did the addition of serum (Fig. 6B, open circles and closed squares) . Further, serum-free MCs given serum developed cross-striations and regular beating, whereas serumfree cells given NE enlarged but were not crossstriated ( Fig. 12) and did not beat regularly (see below). Therefore, NE cannot account for the entire serum effect on growth and differentiation.
Serum-supplemented cultures given catecholamines contained cross striations (Fig. 2, A and B ) similar to control serum-supplemented cultures (Fig.  10, D and H) , indicating that contractile protein accumulated with total cell protein. Serum-free cultures given NE were not cross-striated (Fig. 12 ), but an increase in myosin proportionate to the increase in total cell protein has been found using SDS polyacrylamide slab gel electrophoresis (not shown).
In early experiments (Table 5) , we noted a decrease in MC numbers with catecholamine treatment of serum-supplemented cultures, raising the possibility of a toxic effect. More recently, we have found no Results are expressed as mean ± SE. Pure NMC cultures were grown in the presence of 1% or 5% serum from day 1 to 10. BrdU, 0.1 miu, was present for the first 3 days to prevent cell proliferation, as shown in Figure 4B . Volumes are from three hundred cells and protein concentrations from 20 dishes. Contrast the marked effect of serum on MC size shown in Figures 8 and 9 . significant change in cell numbers ( Fig. 1A and legend to Fig. 11 ). We attribute this variability to different sera used in the two groups of experiments. NE had no effect on cell numbers in the serum-free cultures (Fig. IB) .
As shown in Table 5 , the catecholamine stimulation of cell protein was dose-related and was not blocked by equimolar L-propranolol, which itself had no effect. NE did not regulate NMC growth; NE had no effect on cell volume, protein, or number in pure NMC cultures (Table 6 ).
The growth-promoting effect of NE was more pronounced in the absence of serum than in its presence, as can be seen from the cell volume data in Figure 6B (open circles and open squares). Similarly, a NEcontrol difference in cell protein was seen after 4-5 days in the presence of serum and after only two days in the absence of serum (Fig. 1) .
Beating rates were compared in control and catecholamine-treated cultures. As previously reported (Simpson and Savion, 1982) , ISO acutely increased the rate of MC contraction, but this effect was not sustained. Beating rate was measured daily from day 2 to 11 in serum-supplemented ISO and control dishes (10-20 each). Measurements were made at least 2 hours after any medium change. The mean daily Results are expressed as mean ± SE. Cultures were plated for 6 hours in 5% serum, then maintained in 1% or 5% serum for 8 days. BrdU, 0.1 min, was or was not present for the first 3 days, as indicated. Surface area was measured in 50 cells of each group. The stimulation by serum is similar in the BrdU-treated and nontreated cultures. ratio of treated-to-control rates was 1.004 (range 0.946 to 1.054; no significant difference on any day). Therefore, the growth stimulation by ISO may have been due to the acute chronotropic effect, but it was not accompanied by a sustained chronotropic effect. In the serum-free cultures, we observed 150 MCs in each of 15 control and NE-treated dishes and recorded the number beating at 4/min or greater. The proportion of MCs satisfying this arbitrary criterion was greater in cultures given NE (12.1 ± 0.2% vs. 2.3 ± 0.3%, F < 0.01), but the majority of cells in both groups contracted infrequently.
Discussion
Our two main observations were that MCs enlarged in culture and that this increase in cell size could be modified by manipulation of the culture medium. We have shown the effect of two such manipulations, variation in the amount of serum and addition of catecholamines.
Cell size was measured in three different ways: volume, protein concentration, and surface area. The methods varied in their specificity for MCs (Table 1) .
Measurement of MC size by surface area of attached cells was particularly useful, because it was totally specific for MCs and could be performed repeatedly on the same dishes. This technique, as well as the method used for cell counting, required subconfluent, single-cell cultures. Cell survival at these low densities depended on culture methodology (Simpson and Savion, 1982 , and present study), particularly very gentle cell dissociation. Measurement of surface area might overestimate hypertrophy if cells were flattening progressively. The constant ratio over time in culture of rounded cell volume to flattened cell surface area argued strongly against this possibility ( Fig. 7) and indicated that the two parameters increased in parallel. Further, by EM we found no change in cell thickness with time. Folkman and Moscona (1978) observed that thickness of nonconfluent cells in culture did not vary greatly with time, once cells had flattened on the substrate. Our cultures were uniformly nonconfluent. The specificity of the volume technique for MC size was enhanced by the resistance of NMCs to detachment by trypsin. The suspension used for volume determination contained 85-90% MCs.
Accumulation of total cell protein could be used as a measure of hypertrophy in our nonproliferating cultures. We have previously documented the stability of cell numbers over time in the cultures treated with BrdU (Simpson and Savion, 1982) . This observation was reconfirmed (for example, Table 2 and Fig.  1A) , and stable cell numbers were also shown for serum-free cultures with transferrin and insulin (Fig.  IB) and for BrdU-treated NMC cultures (Fig. 4B) . We calculated the amount of protein per cell, based on the total protein and total cell number in a dish, to permit comparison of different culture preparations with slightly different cell densities. However, our observations were the same without this correction FIGURE 10. Morphological changes induced by serum and by hormones. Cells from a single preparation were plated in 5% serum for six hours. Separate dishes were then grown in medium 199 with supplements as follows: Panels A and E, none; panels B and F, transferrin and insulin (each 10 jig/ml); panels C and C, thyroxine (100 ng/ml) and hydrocortisone (1 JIM); panels D and H, controls with 5% serum and BrdU for the first 3 days. Photomicrographs were taken on day 5 (panels A-D) and on day 11 (E-H) 
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FIGURE 11. NE-stimulited increase in cell protein concentration in serum-supplemented cultures. Cultures were grown in 5% serum, with BrdU for the first 3 days. NE (final 1 fiM) or diluent was added when medium was changed on days 1, 4, 7, and 10 . Lines are drawn from the regression equations. The slope of the line for NE-treated cells is significantly different from that of the controls (P < 0.01). Data are from three sets of control and NE dishes studied each day; there were three to eight paired dishes in each set. A total of six culture preparations are represented. Cell numbers (per mm 2 ) were identical in the two groups over the entire culture interval: total cells, control 105.4 ± 4.3 (35), NE 102.5 ± 4.3 (35); MCs, control 76.8 ± 5.5 (21), NE 72.0 ± 5.2 (21); NMCs, control 27.4 ± 2.8 (21), NE 28.5 ± 2.8 (21) (P > 0.05). Research/Vo/. 51, No. 6, December 1982 Cultures were grown in medium with 5% serum; BrdU was present for the first 3 days. ISO, PROP, or NE was added at the final concentrations indicated on days 1, 4, 7, and 10. On the days shown, cell numbers and protein were determined. The ratios given reflect mean values from six or more treated dishes and parallel controls given diluent. * P < 0.05, ** P < 0.01 for comparison of means.
Circulation
( Figs. 1 and 9 ). MCs were 75-80% of the cells dissolved for protein determination. The Lowry assay does not measure collagen, which NMCs may secrete under some conditions (Frelin, 1979) . Furthermore, in pure, nonproliferating NMC cultures, with cell densities similar to that of the NMCs in the MC cultures, cell size and growth rate were very similar to that in the MC cultures (Fig. 4) . This observation supports the premise that NMC protein did not make a disproportionate contribution to the protein increase in the MC cultures. Further, the analysis of hypertrophy by protein concentration was very similar to that by the more MC-specific surface area and volume tech-niques. We did not measure protein turnover, and thus we cannot say whether increased protein content reflected increased synthesis, decreased degradation, or both. Similarly, we did not specifically measure the myofibrillar proteins which constitute about 50% of total myocardial protein (Morkin et al., 1972) . In cultures with 5% serum, the presence of cross-striations (Figs. 2 and 10, and Simpson and Savion, 1982) provided assurance of myofibril accumulation. We have detected myosin in the serum-free cultures.
Whether measured by volume, protein, or surface area, there was a 2-to 3-fold increase in cell size over culture days 1 to 11. These growth factors are in the FIGURE 12. NE-stimuIated MC hypertrophy in serum-free medium. Cells were plated in 5% serum, switched to serum-free medium with transferrin and insulin after 6 hours, and fed the same medium on days 1 and 4. On day 5, cells in panel B received NE (final 1 \IM) ; controls in panel A were given diluent. The photomicrographs were taken on day 7, 2 days after addition of NE. Calibration in microns, original 128 X, identical magnifications for panels A and B. The experimental protocol corresponds to that shown in Figures IB and 6B . Results are expressed as mean ± SE. NMC cultures were prepared as described in Methods, and were maintained in medium with 5% serum. BrdU, 0.1 HIM, was present for the first 3 days. NE (final 1 /IM) or diluent was added on days 1, 4, 7, and 10. Measurements were made between days 8 and 11. Cell numbers and protein concentrations are from 20 separate comparisons of at least two or three NE and control dishes in eight culture preparations. Cell volumes are from 150 cells. Mean values are not significantly different (P > 0.05). same range found for volume and sarcolemmal surface area of rat MCs in vivo from days 1 to 11 (Olivetti et al., 1980) . The regression for cell volume vs. time in our study is remarkably similar to that found in the in vivo morphometric study: y = 154X + 1004 (present study) and y = 154X + 941 (calculated from volume of average LV plus RV MCs in Table 7 of Olivetti et al., 1980) . The greater variability of cell size with hypertrophy ( Fig. 5 ) has been observed in vivo (Bishop and Drummond, 1979) . We do not know of any studies reporting cell protein concentrations during growth in vivo.
The recent study of Speicher et al. (1981) supports our observation of MC hypertrophy in culture. In rat heart cell cultures, they found an increase in cell volume of almost 2-fold between days 0 and 6. The cell volumes reported by Speicher et al. (1981) are about 30% less than those we found. The difference may be due to technique (they diluted cells into saline and measured volume in a Coulter counter) or to differences in cell density (they had 1000 cells per mm 2 , about 10-fold what we use). McCall (1979) estimated cell volume in 4-to 5-day-oId rat heart cell cultures containing proliferating NMCs. His values are about 50% greater than ours, although similar techniques were used. The reason for this discrepancy is not apparent. The cell protein we found at day 10 (1295 pg/cell, from the regression equation in Fig.  4A) is quite similar to that found by Speicher et al. (1981) at day 10 in rat heart cell cultures with 350 cells/mm 2 (about 1350 pg/cell, estimated from their Fig. 4) .
Our data indicated that MC hypertrophy in culture was strongly regulated by the amount of serum in the medium. Whether measured by volume, surface area, or protein ( Figs. 8 and 9) , cell size increased about 4fold as serum was increased from 0% to 5% or 10%. This regulatory effect of serum did not depend on the presence or absence of BrdU (Table 4) . Changes in serum concentration had little effect on NMC hyper-trophy (Table 3) but did regulate NMC hyperplasia in the absence of BrdU (Fig. 9) .
The dose-response relationship for serum and MC hypertrophy is analagous to that found in many studies on the control of cell proliferation in culture (for example, Tauber et al., 1982) . This finding implies that MC hypertrophy in culture is regulated by hormones and growth factors in serum and that the contribution of these regulatory compounds to MC hypertrophy can be investigated by techniques similar to those used to study cell proliferation (Barnes and Sato, 1980) . For example, addition of transferrin plus insulin prevented the reduced cell survival in the absence of serum (compare Figs. IB and 9) and provided a serum-free preparation with stable cell numbers, MC predominance, and minimal hypertrophy (Figs. IB and 6B). When serum was added to these serum-free cultures, there was rapid growth (Fig. 6B ) and the development of cross-striations and regular beating, indicating that the MCs remained responsive to the growth and differentiation-promoting factors in serum. Addition of thyroxine plus hydrocortisone increased MC size over that found in serum-free medium (Fig. 10 ), suggesting that the growth-promoting effect of these two serum components can be studied in this preparation.
Serum may contain catecholamines, and catecholamine regulation of MC hypertrophy in culture was studied in more detail. Catecholamine administration in vivo has been a widely studied model of myocardial hypertrophy (for example, Stanton et al., 1969; Cohen, 1974; Harri, 1978) , and evidence is accumulating that NE may have a physiological role in the stimulation of heart growth (reviewed by Ostman-Smith, 1979 , 1981 . Whether measured by volume ( Fig. 6B) , protein ( Figs. 1 and 11 ), or surface area (Figs. IB and 5), we found that NE or ISO significantly increased MC size. NE did not account for the entire serum effect in serum-free cultures (Fig. 6B ). On the other hand, the effect of NE was more pronounced in the absence of serum than in its presence (Fig. 6B) , an observation which may be explained by the presence of endogenous catecholamines in serum. For example, Dibner and Insel (1981) reported that the trace quantities of NE in serum (about 15 pM in medium with 5% fetal bovine serum) can desensitize /?-adrenergic receptors in cultured cells. Variability of catecholamine concentration in different sera, or variability of other hormones that modify the catecholamine response, such as thyroxine or cortisol, might explain the fact that we found a decrease in MC number with NE exposure in some experiments (Table 5 ), but not in others ( Figs.  1 and 11) . High catecholamine doses cause myocardial necrosis (Stanton et al., 1969; Cohen, 1974) ; the necrosis may be due to the oxidation product, adrenochrome (Yates et al., 1980) . We have found no evidence of a NE toxic effect, as assessed by a decreased MC number, in the serum-free cultures (Fig. IB) , where unknown quantities of catecholamines from serum were not present.
We did not elucidate the mechanism for catechol-amine stimulation of MC hypertrophy. The effect was dose-related, but it was not blocked by equimolar PROP (Table 5 ). The situation may not be different from that in vivo, where treatment with beta-antagonists in doses several times that of the agonists has been required to attenuate catecholamine hypertrophy (Stanton et al., 1969; Pagano and Inchiosa, 1977; Harri, 1978; Garner and Laks, 1980) . As noted above, the catecholamines could have had a toxic effect, and hypertrophy could have been a response to sublethal injury. As previously reported (Simpson and Savion, 1982) , ISO stimulates beating in these cultured MCs by a mechanism blocked by PROP. This acute effect might initiate hypertrophy; however, the growth-promoting effect of ISO was not accompanied by a sustained chronotropic effect in serum-supplemented cultures. The waning of the acute chronotropic effect may have been due to breakdown of the added catecholamines or to desensitization of the response (Dibner and Insel, 1981) ; and desensitization might be related to the induction of hypertrophy (Tse et al., 1979) . In serum-free cultures, beating rates were very low whether or not NE was present. A possible inotropic effect (Thompson et al., 1973) was not measured. The maximum catecholamine doses we used, 1 fiM, or 206 and 248 ng/ml NE and ISO, respectively, were about 1000-fold higher than typical basal plasma levels and 10-fold greater than the levels needed to produce metabolic and hemodynamic changes when infused in human subjects (Cryer, 1980) . Bevan (1978) has estimated that peak NE concentration is between 10.0 and 0.3 JUM at the nerve-smooth muscle junction. In any case, breakdown of catecholamines may be extensive. Whatever the mechanism of the growth-promoting effect of NE, it was specific for MCs. NMC hypertrophy was not stimulated by NE (Table 6 ). Because NE did not increase NMC size, the catecholamine effect was more impressive when a MC-specific assay was used (for example, surface area versus protein in Fig.  IB) . Similarly, the failure of others (Harary et al., 1973; Holland, 1979) to find growth stimulation by catecholamines in heart cell cultures may have been due to excessive NMC contamination. Considerable further work will be necessary to discover the mechanism of the growth-promoting effect of NE and to determine its time course and relation to stimulation of the classical adrenergic receptors. The cultures without serum-borne catecholamines or other hormones besides insulin may be the best system for these studies.
In summary, this work has demonstrated MC hypertrophy in culture and its regulation by serum and by catecholamines. The occurrence of hypertrophy in culture means that MC growth can be modified independent of external work. The serum-free and serum-supplemented preparations define a framework for investigation of the hormones and growth factors that may control MC hypertrophy in culture. The relevance of findings in culture to growth in vivo cannot be assumed. The strength of the culture tech-nique lies in its ability to isolate or eliminate variables that are difficult to control in vivo. Differentiation (Simpson and Savion, 1982) and hypertrophy (present study) in culture indicate that the cells have myocardial properties. However, the final test of relevance will be whether culture studies provide useful information for understanding myocardial hypertrophy in vivo.
